Introduction
Among infrared devices, the best sensitivity and the focal plane image quality in the 8-12−μm spectral range is pro− vided by the cryogenic−temperature photodetectors based on Cd x Hg 1-x Te (x = 0.21-0.23) photodiode arrays. Monitor− ing of the thermal state of industrial objects, such as reactors of nuclear power stations, requires the precise and stable ope− ration of photosensitive elements, in particular under the in− fluence of external g−radiation [1] and neutron radiation. A review of the influence of the high−energy particles (neu− trons, electrons and photons) on photonic imaging systems properties is given in Ref. 2) under the influence of fast neutrons with the energy of 2 MeV and the dose of (1-4)×10 13 cm -2 , if those samples were annealed at tempe− rature below~400 K. Higher annealing temperatures led to a restoration of the electrical parameters of the samples. The authors of Ref. 5 have explained that by the creation of radia− tion defects of the disordered−region type and of point−like recombination−type defects with the activation energy near the middle of the bandgap. One can assume that changes in electro−physical parameters, which occur after the action of high−energy radiation, become substantial if the concen− tration of additional electrically active defects introduced by the radiation becomes comparable to the initial defect con− centration before the irradiation. Assuming further that the rate of the radiation−induced defect production does not depend on the initial concentration of defects, one may ex− pect that the threshold dose, which leads to a visible change in electric parameters, will be the lowest for the best−quality Cd x Hg 1-x Te films with the lowest initial de− fect concentration (less than 10 13 cm -3 ), the same dose ap− plied to films with the higher defect concentration (about 10 15 cm -3 ) will not lead to any substantial change in electric properties. Thus, one may expect that devices based on epitaxial films, which have higher defect levels, will be more stable against radiation but overall will have worse characteristics.
In the present work, we report the experimental data on the influence of fast neutron radiation on the mercury cad− mium telluride LWIR photodiode array with the concentra− tion of the recombination centres in the band gap of about 10 15 cm -3 . The irradiation has been performed at room tem− perature, and after that the samples have been kept at room temperature for 20 days. We observe persistent changes of electric properties after the irradiation, which indicates that not all defects are annealed at room temperature. Annealing at higher temperature would probably reduce the defect con− centration, but can be harmful for the p−n junctions. We pro− pose a qualitative explanation of the changes in the cur− rent−voltage characteristics of photodiodes, using the balance equation approach [1, 6, 7] .
Experimental part and discussion
The photodiodes studied had the size of 50´70 μm and were formed on the MBE−grown Cd x Hg 1-x Te film with the com− position x = 0.215. The photodiodes were fabricated by im− plantation of boron ions with the energy 150 keV and the dose 3´10 13 cm -2 . The p−n junctions were formed at the depth of 3-4 μm. The Cd x Hg 1-x Te film had variband layers with the gradual increase in the composition parameter to x = 0.3 at the film−air boundary and to x = 1 at the film−sub− strate boundary. The photodiodes were subjected to the fast neutron radiation with the energy 1 MeV and the dose 5´10 13 cm -2 at room temperature. Dark currents of the photodiodes were measured at T = 78 K, one time before and the other time 20 days after irradiating the samples. Af− ter 20 days, the radioactivity of the samples was at the back− ground irradiation level. On the other hand, 20 days at room temperature should be enough for annealing of the radiation defects [2] , however, we observed residual changes in current−voltage characteristics of photodiodes (see Fig. 1 ).
To model dark currents, we have used the balance equa− tions approach [1, 6, 7] which assumes the presence of loca− lized trap levels in the band gap, takes into account trap−as− sisted tunnelling and the generation−recombination pro− cesses, and includes the diffusive, and interband tunnelling mechanisms of carrier transport in an additive manner. We assume the energy of the trap donor−type level E t = 0.64 E g above the top of the valence band. The fitting parameters of the model are the trap concentration N t , the donor concentra− tion N d in n + region and the acceptor concentration N a in p region, and carrier lifetimes t v and t in quasi−neutral regions and depletion region of p−n−junction, respectively.
Using the above model, we were able to fit the experi− mental curves successfully; the results of modelling are pre− sented in Table 1 . Initially chosen photodiodes 7c and 8c with the current−voltage characteristics shown by curves 1 and 3 in Fig. 1 had trap level concentrations N t in the de− pleted region equal to 4´10 15 cm -3 and 1.2´10 16 cm -3 , re− spectively (see Fig. 1 and Table 1 ), which caused an in− creased tunnel current for the 7c photodiode at large reverse bias (U < -0.4 V). At the same time, currents of the chosen photodiodes are nearly equal at biases U > -0.2 V before the irradiation and U > -0.09 V after it. The absolute values of the currents for curves 1 and 2 are about 10-20 nA lower than the respective values for curves 3 and 4. The modelling shows that the possible reason for the decrease in the trap−assisted tunnel current at small reverse bias can be the respective decrease in the carrier lifetime or of the donor concentration in the n−region of the p−n junction.
The modelling has also shown that the defect generation in the depleted region may depend on the initial defect con− centration and may reach saturation. For instance, the 7c dio− des had the concentration of SRH centres N t = 1.2´10 16 cm -3 , and the 8c diodes had N t = 4´10 15 cm -3 . After the irra− diation this parameter has changed to N t = 2.5´10 16 cm −3 and N t = 2.0´10 16 cm -3 for the 7c and 8c diodes, respec− tively, thus, the final concentration N t after the irradiation is nearly the same for the two diodes, despite the fact that ini− tially they differed by more than three times. The carrier lifetime after the irradiation correlates with the final trap concentration (which is easy to understand since the capture rate per trap is determined by the defect cross section that remains constant).
Earlier [1] we connected the increase in the SRH trap concentration under the radiation treatment with the diffu− sion of excess Hg interstitials from the n ++ interface to the n−region. Under the boron ion implantation, the n + −p−junc− tion in MCT layers is formed by the diffusion of Hg + inter− stitials from the implant−damaged region near the surface into the MCT layer and by the annihilation with Hg 2-vacan− cies [8] . As a result, the doping profile of the diode structure is n ++ −n + −p, where the n ++ region is situated near the surface and its thickness is approximately 1 μm, which is roughly the same as the typical thickness of the implant−damaged re− gion in the wide−gap layer of Hg 0.35 Cd 0.65 Te in the struc− tures studied. Table 1 ), before and after exposure to fast neutrons with the energy 1 MeV and the dose 5´10 13 cm -2 . Symbols denote the ex− perimental data (circles for the 7c diode and squares for the 8c one), filled symbols correspond to the data before the irradiation, and open symbols correspond to the measurements taken after the irradia− tion. Curves show the results of fitting using the balance equations model (see the text). Solid and dashed curves correspond to the dio− des before and after the exposure, respectively. Values of the fitting parameters are shown in Table 1 .
Actually, the n + −p−junction is formed at the depth of about 3-4 μm, where the n + −region Hg vacancies have been annihilated with interstitial Hg donors and the p−region re− mains doped by acceptor−like Hg 2-vacancies. Thus, fast neutron radiation activates the diffusion of Hg interstitials, which leads to the increase in the SRH centre concentration in the p−n−junction and to the decrease in the carrier lifetime. This explains the persistence of changes in electrical proper− ties of photodiodes after annealing at room temperature.
Conclusions
We have measured the current−voltage characteristics of the LWIR photodiode array, formed on the epitaxial Cd x Hg 1-x Te film (x = 0.21-0.23) with a high concentration of the SRH cen− tres, before and after irradiating it with fast neutrons (energy 1 MeV, dose 5´10 13 cm -2 ) at room temperature. Residual chan− ges in current−voltage characteristics, persisting after 20 days, have been identified. Calculations within the framework of the model [1, 6, 7] , taking into account the balance of carrier popu− lation on donor type SRH traps, indicate that the trap concen− tration increases 2-4 times, and the carrier lifetime decreases 2-5 times after the irradiation. We connect the irreversible changes with the diffusion of excess donor type Hg interstitials from n ++ interface to n−p− junction region. Table 1 . Values of fitting parameters used in calculations of current−voltage characteristics for two photodiodes (see Fig. 1 
